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Method for producing natively folded proteins in a prokaryotic host

Field of the invention

This invention relates to a method, a host cell and a vector system for producing a
protein of interest containing one or more disulfide bonds in its native state. In particu-
lar, the invention relates to a method, a host cell and a vector system for producing
such proteins in a prokaryotic host.

Description of Related Art

Many proteins and enzymes of biotechnological importance contain structure stabiliz-
ing disulfide bonds, with an estimated one third of all human proteins folding in the
endoplasmic reticulum (ER) and acquiring disulfide bonds there. This includes most
proteins which get secreted or end up on the outer membrane. Since any two cyste-
ine residues in a protein have the potential to form a disulfide bond, the correct forma-
tion of native disulfide bonds is not trivial. Hence, it is unsurprising that native disulfide
bond formation is often the rate-limiting step in the folding of proteins in vitro and in
vivo.

The process of native disulfide bond formation in the endoplasmic reticulum (ER), pe-
riplasm or inter-membrane space of mitochondria is known to be catalysed by several
families of enzymes. However, while some of the participants in the cellular process
are known, their precise individual roles are still largely confused.

What is known is that native disulphide bond formation can occur via multiple parallel
pathways (see Figure 1). The current state of the art says that the major pathway for
disulfide bond formation in the ER is via oxidation of protein disulfide isomerase (PDI)
family members by the sulfhydryl oxidase activity of the gene product(s) of ERO1
family members. PDI in turn then introduces disulfide bonds into folding proteins.

Parallel pathways, for example via glutathione, are also possible. Similarly in the in-
ter-membrane space of mitochondria a similar pathway exists via the oxidation of
Mia40 by the sulfhydryl oxidase Ervip. Mia40 in turn introduces disulfide bonds into
folding proteins. A similar pathway exists in the periplasm of prokaryotes via DsbA
and DsbB except that DsbB is not a sulfhydryl oxidase.
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During disulfide bond formation many non-native disulfide bonds may be formed.
Hence in vitro in a glutathione redox buffer, and probably in vivo for many proteins,
the rate-limiting step for native disulfide bond formation is late-stage isomerization
reactions, where disulfide bond isomerization is linked to conformational changes in
protein substrates with substantial regular secondary structure. These steps are cata-
lysed by thiol-disulfide isomerases, in particular in the ER by proteins belonging to the
PDI-family and in the periplasm of prokaryotes by DsbC and DsbG.

Currently proteins that contain disulfide bonds are difficult for the biotech industry to
produce on a large scale. The most common route is to produce these proteins in the
cytoplasm of E.coli. Here there are no mechanisms for disulfide bond formation. Due
to this the recombinant proteins are unable to attain their native conformation and
form insoluble inclusion bodies. Inclusion body refolding is a widely studied and wide-
ly patented field. However, it is costly, complex and generally inefficient. Alternative
routes for producing disulfide bonded proteins also have drawbacks.

l. Disulfide bond formation in the periplasm of E.coli. While native E.coli
disulfide bond containing proteins fold efficiently in the periplasm, the yields of
heterologously expressed proteins are often very low, in part due to the small
size of the periplasm. In addition, the outer membrane of E.coli is freely diffusi-
ble to most small molecules which means that the biophysical environment of
the periplasm is very dependent on the external media.

Il.  Disulfide bond formation in the cytoplasm of modified E.coli. E.coli has
two pathways to ensure that its cytoplasm is reducing: i) using thioredoxins /
thioredoxin reductases and ii) using glutathione / glutaredoxin / glutathione re-
ductase (see Figure 2). When both pathways are knocked out, for example in
the commercial origami or rosetta-gami strains (Novagen®), the cytoplasm is
less reducing and disulfide bonds form in proteins. However, disulfide bond
formation is still slow and inefficient. In addition, these strains are less geneti-
cally stable and grow significantly more slowly than wild type strains. While
some disulfide bond containing proteins can be formed in the cytoplasm of ori-
gami or rosetta-gami (and equivalent), the yields of most proteins are below
that required for commercial production.

1. Disulfide bond formation in the ER of eukaryotic organisms such as
S.cerevisiae, Pichia pastoris, insect cell culture or even mammalian cell culture is
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much more efficient than that in bacteria. However, there is the corresponding in-
crease in costs associated with the growth of eukaryotic organisms and problems as-
sociated with the large scale production of proteins in cell culture.

WO 9907727 A1 (or U.S. Patent No. 6,361,964) describes a method of increasing di-
sulfide bond formation in a protein by expressing the protein in a host cell that also
expresses an isolated nucleic acid that encodes an Ero1 polypeptide or optionally an
Ero1 polypeptide together with a protein disulfide isomerase.. The Ero1 polypeptide is
suggested to be for use in eukaryotic expression systems, wherein Ero1 aids folding
in the ER, or in vitro refolding reactions.

WO 2005061718 A1 describes a method for producing a heterologous protein in a
host cell utilizing a 2 micron-family plasmid. The host cell is cultured in such condi-
tions that allow the expression of the gene encoding the fungal molecular chaperone
or protein folding catalyst, such as Ero1 or protein disulfide isomerase, and the gene
encoding a heterologous protein. The method uses 2 micron-family plasmids which
can be applied only to eukaryotic cells. Both the protein and the molecular chaperone
or protein folding catalyst such as Ero1 are targeted to the ER.

WO 2009058956 A1 describes a method for expressing a protein in a filamentous
fungal host, wherein Ero1 can be co-expressed with the desired protein. Ero1 facili-
tates the folding of the desired protein in the ER.

KR 20070041166 A describes a method for producing a protein in the ER of a yeast
cell, wherein Ero1 and protein disulfide isomerase are simultaneously expressed in a
host cell.

Furthermore, U.S. Patent Application No. 2007/0193977 describes a method for pro-
ducing a desired protein in a host cell comprising recombinant genes for a first and a
second chaperone and for the desired protein. A preferred chaperone is PDI, in par-
ticular from fungal or mammalian origin. According to the publication various host ex-
pression systems including yeast, bacteria and mammalian cells may be used. Bac-
terial host cells are mentioned to be useful for cloning purposes.

Examples of commercial proteins that are produced by these various routes include
insulin, tissue plasminogen activator, growth hormones and single chain antibodies.
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None of the mentioned patent publications disclose a prokaryotic expression system
for the production of natively folded disulfide bond containing proteins.

Summary

It is an object of the invention to provide a method for producing a natively folded dis-
ulfide bond containing protein in a prokaryotic host.

It is also an object of the invention to provide a host cell for producing a natively
folded disulfide bond containing protein in a prokaryotic host.

Further, it is also an object of the present invention to provide a vector system for
producing a natively folded disulfide bond containing protein in a prokaryotic host.

These and other objects together with the advantages thereof over known methods,
hosts and vectors, are achieved by the present invention as hereinafter described and
claimed.

The invention is based on the use of genetic engineering of prokaryotic host cells to
cytoplasmically express a sulfhydryl oxidase.

In one aspect, the present invention provides a method for producing a protein of in-
terest containing one or more disulfide bonds in its native state in a prokaryotic host.

In one embodiment the invention provides a method which comprises that a prokaryo-
tic host cell is genetically engineered to express the protein of interest and a sulfhy-
dryl oxidase in the cytoplasm of the host cell, said protein of interest being formed in a
soluble form and containing disulfide bonds due to the presence of the sulfhydryl oxi-
dase in the cytoplasm of said host cell.

In one embodiment of the invention the protein product comprising the protein of in-
terest is recovered from the cell culture or from the host cells and optionally purified.

In another aspect, the present invention provides a prokaryotic host cell for producing
a protein of interest containing one or more disulfide bonds in its native state in a pro-
karyotic host.

In one embodiment the invention provides a prokaryotic host cell for producing a pro-
tein of interest containing natively folded disulfide bonds, which comprises that the
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host cell is genetically engineered to express a sulfhydryl oxidase and a protein of in-
terest in the cytoplasm of the host cell.

In one preferred embodiment of the invention the sulfhydryl oxidase is co-expressed
with the protein of interest.

In another preferred embodiment the sulfhydryl oxidase is expressed prior to the pro-
tein of interest.

In one further preferred embodiment, the prokaryotic host cells are engineered to ex-
press also a thiol-disulfide isomerase in the cytoplasm.

In one still further preferred embodiment the thiol-disulfide isomerase is the eukaryotic
ER-resident enzyme protein disulfide isomerase (PDI).

In one further preferred embodiment the thiol-disulfide isomerase is DsbC, which is
usually targeted to the periplasm of prokaryotes.

These co-expressions may be used separately or in combination with any of the other
variations described herein, so long as a sulfhydryl oxidase is expressed in the host
cell.

The host can be any prokaryotic host. In one embodiment of the invention, the proka-
ryotic host is a bacterial host, in one specific embodiment a gram-negative host, such
as E. coli.

In one further preferred embodiment, expression of the disulfide bond containing pro-
tein of interest is achieved by expressing the protein as a genetic fusion with a fusion
partner. This may be used separately or in combination with any of the other varia-
tions described herein, so long as a sulfhydryl oxidase is expressed in the host cell.

In one further embodiment the host cell may be deficient in thioredoxin reductase or
glutathione reductase activity. This may be caused by having a mutation or deletion in
trxB gene and/or a mutation or deletion in gor gene. These deficiencies may be used
separately or in combination with any of the other variations described herein, so long
as a sulfhydryl oxidase is expressed in the host cell.

In still further embodiments, codon usage for the nucleotide sequence encoding the
protein may be optimized for expression in a particular host or the host codon usage
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manipulated so as to optimize expression of the recombinantly expressed protein.
This may be done for example by supplementing the expression host’'s tRNA levels
by production of tRNA species encoded by engineered plasmids. Codon usage may
also be optimized for the sulfhydryl oxidase and/or the thiol-disulfide isomerase.
These modifications may be used separately or in combination with any of the other
variations described herein, so long as a sulfhydryl oxidase is expressed in the host
cell.

The present invention provides also a vector system, comprising one or more vectors
encoding sulfhydryl oxidase and the protein of interest, and optionally also, a thiol-
disulfide isomerase. The proteins may be separately inducible.

Hence the invention has possible alternative solutions, all with the common factor of
cytoplasmic expression of a sulfhydryl oxidase.

The method of the present invention results in the formation of native disulfide bonds
in a significant proportion. The method is particularly suitable for expressing proteins
where a biological activity is dependent on the formation of one or more intra- or inter-
chain disulfide bonds.

In the following, the invention will be examined more closely with the aid of a detailed
description and with reference to some working examples.

Brief description of the figures:

Figure 1 shows pathways for disulfide bond formation in: Panel A: the endoplasmic
reticulum; Panel B: The inter-membrane space of mitochondria (protein names
given for the system in Saccharomyces cerevisiae); Panel C: The periplasm of
prokaryotes (protein names given for the system in Escherichia coli).

Figure 2 shows the pathways for reducing disulfide bonds in the cytoplasm of
E.coli. Gene names are given in parentheses. In commercial strains for the produc-
tion of disulfide bonded proteins, such as origami and rosetta-gami (Novagen ®),
both the thioredoxin and glutathione pathways are knocked out by gor and trxB de-
letions or knock-outs by transposon mutagenesis.

Figure 3 shows protein sequences of representative members of the ERO1 family
of sulfhydryl oxidases (EC 1.8.4.-). The cleavable signal sequences are underlined.
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Figures 4A and 4B show protein sequences of representative members of the
ERV/ALR sulfhydryl oxidase domain containing sulfhydryl oxidases (Enzyme clas-
sification: EC 1.8.3.2). The ERV/ALR domain sequences for each, as currently de-
fined in UniProt, are underlined. Figure 4B shows also protein sequences of thiol-
disulfide isomerases (EC 5.3.4.1) PDI and DsbC. The signal sequences are under-
lined.

Figure 5 shows plasmids pET23 and pLysS as modified for producing natively
folded disulfide bond containing proteins in these studies. The order of the genes
on polycistronic vectors does not affect the ability to co-expression of the proteins.

Figure 6 shows representative SDS-PAGE from expression of the luminal domain
of human tissue factor with co-expression with a sulfhydryl oxidase in LB media at
25°C. Lane 2 shows the total E.coli lysate, lane 1 shows the soluble fraction. The
position of the luminal domain of tissue factor is marked with an arrow.

Figure 7 shows measurements for the activity of E.coli alkaline phosphatase (PhoA)
expressed in the cytoplasm of E.coli in LB media at 30°C.

Figure 8 shows measurements for the activity of E.coli phytase (AppA) expressed in
the cytoplasm of E.coli strains in LB media at 30°C.

Figure 9 shows SDS-PAGE from expression of the human CSF3 (lanes 2-7) and
BMP4 (lanes 8-13) as fusion proteins with MBP in the cytoplasm of E.coli with co-
expression with a sulfhydryl oxidase in LB media at 30°C and co-expression of PDI
(lanes 4,5,10,11) or DsbC (lanes 6,7,12,13). Even numbered lanes show the total
E.coli lysates, odd numbered lanes show the soluble fractions (except lane 1 which
shows molecular weight markers). The position of the MBP fusion proteins CSF3
and BMP4 are marked with arrows.

Figure 10 shows analysis of human kringle tPA in various systems in LB media at
30°C. Panel A) SDS-PAGE from expression of the human kringle tPA as a fusion pro-
tein with MBP in the cytoplasm of E.coli. BL21 pLysS RARE (BL) or rosetta-gami
(RG) or origami (OG), with co-expression with a sulfhydryl oxidase (SO) and DsbC.
Alternate lanes show the total E.coli lysates (T), and the soluble fractions (S). The po-
sition of the MBP-kringle tPA fusion protein is marked with an arrow. Panel B) shows
measurements for the activity of human kringle tPA. Panels C-F) show the results
from measurements for the activity of the MBP-kringle t-PA fusion protein.
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Figure 11 shows analysis of BPTI production in origami + pre-expression of the sulf-
hydryl oxidase and PDI in LB media at 30°C. Panel A) SDS-PAGE from expression of
BPTI wild type (lanes 1 and 2), along with the C49A/C73A (lanes 3 and 4) and
C65A/C86A (lanes 5 and 6) mutants, which should contain only 2 disulfide bonds, in
the cytoplasm of origami E.coli with pre-expression of the sulfhydryl oxidase (SO) and
PDI. Odd numbered lanes show the total E.coli lysates, even numbered lanes show
the soluble fractions. The position of BPTI is marked with an arrow. Panel B) Purifica-
tion of the C49A/C73A or C65A/C86A mutants of BPTI using immobilized metal affini-
ty chromatography and subsequent analysis by reducing (lanes 1 and 3) and non-
reducing (lanes 2 and 4) SDS-PAGE indicated that only monomeric species were ob-
tained for the C49A/C73A (lanes 1 and 2) and for the C65A/C86A (lanes 3 and 4)
BPTI mutants i.e. no mixed disulfides were formed. Panel C) Analysis of the
C49A/C73A mutants using immobilized metal affinity chromatography and subse-
quent analysis by reverse phase HPLC analysis. The elution positions of the native
species containing 3 disulfides, the fully reduced species and the intermediate spe-
cies containing only 1 or 2 disulfides are indicated. These results indicate that only a
single two disulfide species is obtained.

Sequence listing
The sequence listing comprises the sequences:

SEQ ID NO:1 Endoplasmic oxidoreductin-1 from Saccharomyces cerevisiae (Swiss-
Prot ID Q03103)

SEQ ID NO:2 Human ERO1-like protein alpha (Swiss-Prot ID Q96HE7)
SEQ ID NO:3 Human ERO1-like protein beta (Swiss-Prot ID Q86YB8)

SEQ ID NO:4 Human ALR (Swiss-Prot ID P55789)

SEQ ID NO:5 S. cerevisiae mitochondrial FAD-linked sulfhydryl oxidase ERV1
(Swiss-Prot ID P27882)

SEQ ID NO:6 S. cerevisiae FAD-linked sulfhydryl oxidase ERV2 (Swiss-Prot ID
Q12284)

SEQ ID NO:7 Human sulfhydryl oxidase 1 (QSOX; Swiss-Prot ID O00391)

SEQ ID NO:8 Human sulfhydryl oxidase 2 (Swiss-Prot ID Q6ZRP7)
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SEQ ID NO:9 Vaccinia virus FAD-linked sulfhydryl oxidase E10 (Swiss-Prot ID
P21050)

SEQ ID NO:10 E.coli (K12 strain) DsbC

SEQ ID NO:11 Human PDI

Detailed description of the invention

Definitions

“GSH” means reduced glutathione, a tripeptide called also y-glutamylcysteinylglycine.

“GSSG” means oxidized glutathione. In GSSG two GSH's are linked by a disulfide
bond.

“Oxidases” mean here enzymes that use molecular oxygen to oxidize a (bio)chemical
compound.

“Thioredoxins” mean enzymes that catalyse the reduction of disulfide bonds, which
are often found in protein substrates. Thioredoxin is reduced in turn by thioredoxin re-
ductase.

“Glutaredoxins” mean enzymes that catalyse the removal of glutathione from gluta-
thione-protein mixed disulfides using reduced glutathione and generating oxidized
glutathione, which in turn is reduced by glutathione reductase.

“PDI” mean protein disulfide isomerase. PDl’s are enzymes which catalyse thiol-
disulfide exchange reactions in the endoplasmic reticulum (ER) of eukaryotes. They
belong to the thioredoxin superfamily.

“Dsb” mean disulfide bond forming enzymes. Dsb’s are enzymes which catalyse thiol-
disulfide exchange reactions in the periplasm of prokaryotes. DsbA, DsbC and DsbG
belong to the thioredoxin superfamily. DsbB and DsbD are not thiol-disulfide isome-
rases.

Thioredoxin superfamily members are for example thioredoxins, protein disulfide iso-
merases (PDI’s) and disulfide bond forming enzymes (Dsb’s).

The present invention relates to a method for producing a natively folded disulfide
bond containing protein in a prokaryotic host. The method comprises that a prokaryo-
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tic host cell is genetically engineered to express the protein of interest and a sulfhy-
dryl oxidase in the cytoplasm of the host cell. The protein of interest is formed in a so-
luble form and contains disulfide bonds due to the presence of the sulfhydryl oxidase
in the cytoplasm of said host cell. The present invention relates also to a prokaryotic
host cell and a vector system for producing a protein of interest containing natively
folded disulfide bonds.

A common prejudice in the field has been that the cytoplasm of most prokaryotes is
reducing and therefore one cannot make disulfide bond containing proteins in the cy-
toplasm of a prokaryotic host unless the pathways for the reduction of disulfide bonds
are disrupted or deleted, such as a AfrxB / Agor strain. No one has disclosed intro-
ducing an active catalyst of de novo disulfide bond formation into the cytoplasm of a
prokaryotic host.

Pathways for disulfide bond formation in the endoplasmic reticulum, inter-
membrane space of mitochondria and periplasm of prokaryotes are shown in Fig-
ure 1. Multiple pathways for dithiol oxidation to a disulfide in a folding protein exist.
Direct oxidation by molecular oxygen, while widely used in vitro, is too slow to have
physiological significance in native disulfide bond formation in vivo.

In the ER, PDI family members and GSSG can both introduce disulfide bonds into
folding proteins, but both need to be reoxidised to complete the catalytic cycle.
Oxidation of both PDI-family members and glutathione by molecular oxygen is too
slow to have physiological significance in native disulfide bond formation in vivo.
PDI is thought to be reoxidised by the sulfhydryl oxidase activity of Ero1-family
members while the source of GSSG is under debate in the literature. The hydrogen
peroxide made by Ero1 each catalytic cycle has the potential to oxidise dithiols in
substrate proteins, to oxidise reduced glutathione to GSSG, to oxidise the active
site of PDI family members and to form the regulatory disulfides in Ero1 and hence
shut down peroxide production.

In the inter-membrane space of mitochondria of Saccharomyces cerevisiae Mia40
introduces disulfide bonds into folding proteins. To complete the catalytic cycle
Mia40 is reoxidised by the sulfhydryl oxidase Ervip. The direct formation of disul-
fide bonds in folding proteins or in Mia40 by molecular oxygen is too slow to have
physiological significance in native disulfide bond formation in vivo. The potential
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parallel role of glutathione in disulfide bond formation in the inter-membrane space
of mitochondria is unknown.

In the periplasm DsbA introduces disulfide bonds into folding proteins. To complete
the catalytic cycle DsbA is reoxidised by the transmembrane protein DsbB. Unlike
Ero1-family members or Ervip, DsbB does not have sulfhydryl oxidase activity.
The direct formation of disulfide bonds in folding proteins or in DsbB by molecular
oxygen is too slow to have physiological significance in native disulfide bond for-
mation in vivo. The potential parallel role of glutathione in disulfide bond formation
in the periplasm is under debate in the literature.

Herein, by “protein of interest” are meant in particular proteins produced recombi-
nantly in a foreign host. The proteins contain one or more disulfide bonds in their
native state which are required to attain their native conformation. Many such pro-
teins when expressed in a system in which disulfide bond formation is limited form
insoluble inclusion bodies within the host. A protein of interest is here typically a
eukaryotic protein, usually a mammalian protein, in particular a human protein.

The protein may have in its native state multiple disulfide bonds. The method of the
present invention is particularly suitable for producing a protein having in its native
state two or more disulfide bonds.

By “a host” or "a foreign host" is meant here in particular a prokaryotic host. More
specifically the host can be a bacterial host, in particular a gram negative host, such
as Escherichia coli (E. coli). In one preferred embodiment the host is E. coli.

According to this disclosure it is possible to produce a natively folded disulfide bond
containing protein in a prokaryotic host. According to a preferred embodiment of the
invention the protein may be recovered and optionally purified from the cultured host
cells. The protein may be lyophilized or formulated with a carrier or diluents, if
needed.

The advantage of the present invention is that the protein of interest is formed in so-
luble form. Typically no denaturation and renaturation steps of the protein are
needed. Furthermore, the protein is produced directly in biologically active form.
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Commercially significant proteins which may be produced by using the present inven-
tion comprise for example insulin, blood coagulation factors, cytokines, chemokines,
interferons, growth hormones and single chain antibodies.

In this disclosure as examples of such proteins are the luminal domain of human tis-
sue factor, E.coli alkaline phosphatase and phytase, bovine pancreatic trypsin inhibi-
tor (BPTI), human colony stimulating factor 3 (CSF3), bone morphogenic protein 4
(BMP4) and tissue plasminogen activator (t-PA). In the disclosure the ability to gener-
ate “soluble protein” or “insoluble inclusion bodies” is deduced from SDS-PAGE anal-
ysis of total and soluble fractions of a cell lysate. The generation of insoluble inclusion
bodies is a common occurrence when proteins that natively contain disulfide bonds
are expressed in the cytoplasm of prokaryotic hosts. The formation of disulfide bonds
allows protein folding to occur and hence allows the formation of soluble protein.

In the disclosure the “number of disulfide bonds” is deduced from the total number of
cysteines in the protein and the number of cysteines free to react with iodoacetamide,
as determined from mass spectrometric analysis after treatment of the protein with
iodoacetamide. The reaction of a thiol group with iodoacetamide adds 57 Da to the
mass of the protein.

In the disclosure the “biological activity” of a protein is deduced by well known me-
thods in the art appropriate for the individual proteins being assayed. The biological
activity or function of a protein reflects characteristics of the protein that result from
the structure and conformational flexibility of the protein. These in turn are often de-
pendent on the formation of native disulfide bonds. Hence biological activity, for ex-
ample the ability of an enzyme to catalyze a specific enzymatic activity, is a measure
of the attainment of the formation of native disulfide bonds within a protein.

The present invention provides a method for the production of proteins that require
disulfide bond formation to reach their native biologically active conformation. The
methods presented are particularly suitable for the expression of biologically active
proteins that require the formation of multiple disulfide bonds. By multiple disulfide
bonds is here meant two or more than two, typically more than three disulfide bonds.

By "a sequential disulfide bond" is meant a covalent linkage between the sulfur atoms
of two cysteine residues in a protein which do not have an intervening cysteine resi-
due in the primary sequence of the protein which is involved in another disulfide bond.
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By “a non-sequential disulfide bond” is meant a covalent linkage between the sulfur
atoms of two cysteine residues in a protein which have an intervening cysteine resi-
due in the primary sequence of the protein which is involved in another disulfide bond.

The present invention is based on the use of pre- or co-expression of a sulfhydryl oxi-
dase in the cytoplasm of prokaryotic bacteria, preferably of gram-negative bacteria
such as E.coli, to generate disulfide bonds in folding proteins. As used herein, “sulf-
hydryl oxidases” refer to enzymes which use molecular oxygen to catalyze the reac-
tion:

dithiol + O, disulfide + HOQO,

Since hydrogen peroxide (H-O2) is an oxidant that can be used to make disulfide
bonds the overall reaction can also be written:

4 thiols + O, =3 2 disulfides + 2 H O

In addition, some sulfhydryl oxidases, such as Erv1, are reported also to be able to
transfer electrons to the cytochrome respiratory chain in mitochondria instead of using
molecular oxygen as the acceptor.

Sulfhydryl oxidases comprise proteins such as Ero1, Ervl, Erv2, QSox, ALR etc.
These enzymes use FAD as a cofactor and contain one, or more, redox active disul-
fide bonds. They fall into two families:

i) the Ero family (Enzyme classification: EC 1.8.4.-) which are endoplasmic reticulum
located sulfhydryl oxidases and which comprises, but is not limited to, the following
exemplary members (see Figure 3 for sequences): Endoplasmic oxidoreductin-1
from Saccharomyces cerevisiae (Swiss-Prot ID Q03103; for example as Genbank ac-
cession number CAA90553) (SEQ ID NO:1), human ERO1-like protein alpha (Swiss-
Prot ID Q96HE7; for example as Genbank accession numbers AAF35260 or
AAQ88828 or BAF85528 or AAH08674 or AAH12941) (SEQ ID NO:2), and human
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ERO1-like protein beta (Swiss-Prot ID Q86YB8; for example as Genbank accession
numbers AAF97547 or CAI23525 or CAI14420 or AAH32823 or AAH44573) (SEQ ID
NO:3);

ii) proteins which contain an ERV/ALR sulfhydryl oxidase domain (Enzyme classifica-
tion: EC 1.8.3.2). These proteins are found in a variety of cellular compartments in-
cluding mitochondria and the secretory pathway. They include, but are not limited to,
the following exemplary members (see Figure 4 for sequences): Human ALR (Swiss-
Prot ID P55789; for example as Genbank accession numbers AAG38105) (SEQ ID
NO:4), Saccharomyces cerevisiae mitochondrial FAD-linked sulfhydryl oxidase ERV1
(Swiss-Prot ID P27882; for example as Genbank accession numbers CAA97017)
(SEQ ID NO:5), Saccharomyces cerevisiae FAD-linked sulfhydryl oxidase ERV2
(Swiss-Prot ID Q12284; for example as Genbank accession numbers CAA94987 or
CAA92143) (SEQ ID NO:6), Human sulfhydryl oxidase 1 (QSOX; Swiss-Prot ID
000391; for example as Genbank accession numbers AAC09010 or AAQ89300 or
CAI14838 or AAI00024) (SEQ ID NO:7), Human sulfhydryl oxidase 2 (Swiss-Prot ID
QB6ZRP7; for example as Genbank accession numbers CAI16881 or CAM28352)
(SEQ ID NO:8) and Vaccinia virus FAD-linked sulfhydryl oxidase E10 (Swiss-Prot ID
P21050; for example as Genbank accession number AAA48051) (SEQ ID NO:9)

Within the scope of the present invention are proteins comprising any of the amino
acid sequences of the above listed Genbank accession numbers or any of the amino
acid sequences SEQ ID NO: 1 to 9, or a fragment of said sequences or a modified
version of said sequences, which sequences still have sulfhydryl oxidase activity.

“A modified protein” refers to a protein wherein at one or more positions there have
been amino acid insertions, deletions, or substitutions, either conservative or non-
conservative, provided that such changes result in a protein still having sulfhydryl oxi-
dase activity.

By “conservative substitutions” are meant here combinations, such as Val, lle, Leu,
Ala, Met; Asp, Glu; Asn, Gin; Ser, Thr, Gly, Ala; Lys, Arg, His; and Phe, Tyr, Trp. Pre-
ferred conservative substitutions comprise Gly, Ala; Val, lle, Leu; Asp, Glu; Asn, Gin;
Ser, Thr, Lys, Arg; and Phe, Tyr.

A modified version (or variant) of the sulfhydryl oxidase comprises typically an amino
acid sequence having at least 25 %, preferably at least 40 %, more preferably at least
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50 %, still more preferably at least 60 %, still and still more preferably at least 70 %,
more and more preferably at least 90 % identity, most preferably at least 95 %, or at
least 98 % identity to any of the amino acid sequences of the above listed Genbank
accession numbers or to any of the amino acid sequences SEQ ID NO: 1 to 9.

In addition to full length sulfhydryl oxidases, shorter fragments may be used as long
as they retain sulfhydryl oxidase activity. A fragment refers to a protein having at one
or more positions deletions. The fragment may comprise at least 30%, at least 40%,
at least 50%, preferably at least 60 %, more preferably at least 70 %, still more pre-
ferably at least 80 %, more and more preferably at least 90 %, or at least 95 % of the
complete amino acid sequence of the proteins.

By the term “identity” is here meant the identity between two amino acid sequences
compared to each other from the first amino acid encoded by the corresponding gene
to the last amino acid. Preferably the identity is measured by comparing the amino
acid sequences without the sequences of any signal peptide the protein may have.
The identity of the full-length sequences may be measured for example by using se-
quence analysis software, for example BLAST software available from the National
Library of Medicine.

According to other preferred embodiments of the invention, the sulfhydryl oxidase of
the invention is encoded by a nucleic acid sequence hybridizing under low or under
high stringent conditions to nucleic acid sequences encoding amino acid sequences
of the above listed Genbank accession numbers or amino acid sequences SEQ ID
NO: 1 to 9. By high stringency conditions are meant conditions as disclosed for ex-
ample in Ausubel et al. Current Protocols in Molecular Biology, 1996, Wiley Sons,
New York, N.Y.. High stringency hybridization conditions may comprise hybridization
at about 42 °C and about 50 % formamide, a first wash at about 65 °C, about 2 x
SSC, and 1% SDS, followed by second wash at about 65 °C, and about 0.1 % SDS,
1xSSC. Lower stringency hybridization conditions may comprise hybridization at
about 42 °C in the absence of formamide, a first wash at about 42 °C, about 6 x SSC,
and 1 % SDS, followed by second wash at about 50 °C, about 6 x SSC and about 1
% SDS. Within the scope of the present invention are also nucleic acid sequences
encoding the proteins comprising any of the amino acid sequences of the above listed
Genbank accession numbers or any of the amino acid sequences SEQ ID NO: 1 to0 9,
or nucleic acid sequences encoding a fragment of said sequences or a modified ver-
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sion of said sequences, which sequences still have sulfhydryl oxidase activity. Suita-
ble nucleic acid sequences encoding proteins having sulfhydryl oxidase activity are
publicly available and can be found in gene banks.

Within the scope of the present invention are any enzymes with sulfhydryl oxidase ac-
tivity. In particular, within the scope of the present invention are sulfhydryl oxidases
comprising ERV/ALR sulfhydryl oxidase domain, in particular Erv1.

Within the scope of the invention are sulfhydryl oxidases belonging to Ero1 family pro-
teins, in particular Ero 1, which is an ER-resident protein having an N-terminal signal
sequence, the signal sequence should be removed before cytoplasmic expression is
possible. Ero1 has multiple disulfide bonds which are required for it to function. It
cannot fold to an active state in the cytoplasm of wild-type prokaryotes. Therefore,
modifications, such as making the host cell deficient in thioredoxin reductase and/or
glutathione reductase activity are needed to obtain functional protein, or preferentially
the pre-expression of another sulfhydryl oxidase such as Ervip will generate func-
tional Ero1 in the cytoplasm. Ero1 works in the endoplasmic reticulum of eukaryotes,
a compartment which has a significantly more oxidizing redox state than the cytop-
lasm. This arises due to the presence of oxidized glutathione. In the cytoplasm any
oxidized glutathione made (by any route) is reduced by glutathione reductase (the gor
gene product).

The present invention has been exemplified here by using the Saccharomyces cere-
visiae enzyme Ervip . Ervip is a 189 amino acid FAD-dependent sulfhydryl oxidase
that catalyzes disulfide bond formation. It is required for the import and folding of
small cysteine-containing proteins in the mitochondrial inter-membrane space and is
thought to form a redox cycle with Mia40.

In addition to wild type sulfhydryl oxidases, mutants may be used as long as they re-
tain sulfhydryl oxidase activity.

In addition to wild type sulfhydryl oxidases, chimeric fusion proteins may be used as
long as they retain sulfhydryl oxidase activity.

Sulfhydryl oxidase according to the present disclosure is produced in soluble and bio-
logically active form in the cytoplasm of the prokaryotic host.
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Furthermore, sulfhydryl oxidase according to the present disclosure is typically capa-
ble of functioning without a partner protein e.g. Erv1p can function without Mia40.

The present invention provides also a vector system comprising

- a vector encoding a protein of interest, or having an insertion site for a nucleic acid
sequence encoding a protein of interest, and a sulfhydryl oxidase,

or

- a first vector encoding a protein of interest, or having an insertion site for a nucleic
acid sequence encoding a protein of interest, and

- a second vector encoding a sulfhydryl oxidase.

According to the present disclosure the vector or vectors are constructed to be capa-
ble of expressing the protein of interest and the sulfhydryl oxidase in the cytoplasm of
the prokaryotic host cell.

The system may further comprise a vector encoding a thiol-disulfide isomerase in the
cytoplasm of the prokaryotic host cell.

The vector encoding a thiol-disulfide isomerase may be the same vector encoding the
sulfhydryl oxidase and/or the protein of interest.

The vector system can be introduced to a suitable prokaryotic host cell and the host
can be cultured to produce a protein of interest comprising natively folded disulfide
bonds.

The vector or vectors comprise a nucleic acid sequence (a gene) encoding a protein
of interest and a sulfhydryl oxidase, and possible a thiol-disulfide isomerase. Two or
all of said nucleic acid sequences may be in the same vector or all of them may be in
different vectors. The nucleic acid sequence may be linked to a nucleic acid se-
quence encoding a suitable part of a fusion protein, said nucleic acid construction en-
coding a fusion protein. The vector system furthermore comprises regulatory ele-
ments for multiplying and expressing the nucleic acid sequences in a prokaryotic
host. Each mRNA produced from the vector(s) may be separately inducible. The vec-
tor system may comprise also selection markers.
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Host cells comprising the expression vector encoding the sulfhydryl oxidase and a
protein of interest are cultured to produce the protein of interest in a biologically active
form. Any suitable expression vector may be used. It is preferable that the vector con-
tains an appropriate selection marker. It is also preferable that the vector contains a
system for inducing expression.

Methods for cloning the genes of interest into appropriate vectors and culturing proka-
ryotic organisms are well known in the art.

The construction of suitable vectors has been exemplified here in the examples which
report the use of pET23 and pLysS plasmid derivatives. These have ampicillin and
chloramphenicol selection markers, respectively. T7 and arabinose inducible expres-
sion systems were used.

Any suitable culture media may be used for the cultivation of the prokaryotic organ-
isms. In the examples reported here Luria-Bertani Media (LB media) was used. M9
minimal media has also successfully been used.

The protein may be obtained from the cultured cells in a soluble form by routine cell
lysis methods.

Cell lysis has been exemplified here in the examples by performing the addition of 0.1
mg/ml lysozyme to the resuspended cell pellet followed by freeze-thawing.

The protein of interest can be isolated from the cell lysate in substantially pure form
by methods well known in the art and that are appropriate for the individual proteins
and final application, for example column chromatography, polyacrylamide electro-
phoresis, or HPLC analysis. This can include the addition of a fusion tag to the protein
of interest to aid purification.

Useful purification methods have been exemplified here in the examples where N-
terminal hexa-histidine or N-terminal maltose binding protein (MBP) tags were used to
facilitate purification using immobilized metal affinity chromatography or amylose re-
sin, respectively.

“A substantially pure protein” means a preparation which is at least 60% by weight
(dry weight) the protein of interest. Preferably the preparation is at least 75 %, more
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preferably at least 80 %, still more preferably at least 90 %, still more preferably at
least 95 %, most preferably at least 99 % by weight of the protein of interest.

In some applications the protein product comprising the protein of interest may be
used with the cell culture without recovery, isolation and/or without purification. In
other applications the protein product comprising the protein of interest may be re-
covered from the cell culture or cell medium or from host cells with or without purifica-
tion. Furthermore, in some applications the protein product or purified protein may be
diluted or concentrated, or lyophilized.

This invention has multiple possible alternative solutions. In one embodiment polyci-
stronic vectors may be used i.e. vectors in which a single mRNA encodes the protein
of interest plus the sulfhydryl oxidase and, where necessary, the thiol-disulfide isome-
rase (see figure 5). The order of the genes on polycistronic vectors does not affect
the ability to co-expression of the proteins.

In another embodiment, the sulfhydryl oxidase, and where necessary the thiol-
disulfide isomerase, are on separate vector from the protein of interest (see figure 5).
The use of a two vector system allows for separate induction.

According to a preferred embodiment of the invention the vector or vectors is a plas-
mid or plasmids.

In one embodiment of the invention co-expression of a cytoplasmically expressed
sulfhydryl oxidase with the protein of interest in wild type prokaryotic cells is underta-
ken. Disulfide bonds in the periplasm and in the ER are thought to form sequentially
i.e. cysteine 1 is linked to cysteine 2, cysteine 3 to cysteine 4 etc. Hence proteins with
a small number of sequential disulfide bonds should fold efficiently to their native
state in the cytoplasm upon pre- or co-expression of a cytoplasmically expressed
sulfhydryl oxidase. This is exemplified here with the efficient production of folded lu-
minal domain of human tissue factor and E.coli alkaline phosphatase upon co-
expression of the sulfhydryl oxidase (see examples 2 and 3). The sulfhydryl oxidase
may be targeted to the cytoplasm by the removal of the N-terminal signal sequence
where necessary.

In another embodiment of the invention, co-expression of a cytoplasmically expressed
thiol-disulfide isomerase along with the sulfhydryl oxidase and the protein of interest
is undertaken. For proteins with an increased number of sequential disulfide bonds
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there is a greater probability that incorrect disulfide bonds will form. The formation of
incorrect disulfide bonds or the formation of non-sequential native disulfide bonds in
the ER and periplasm is known to require the subsequent action of a thiol-disulfide
isomerase to attain the native disulfide state of the protein of interest. Co-expression
of such an isomerase, for example DsbC or PDI targeted to the cytoplasm, and com-
bined with the expression of the sulfhydryl oxidase and the protein of interest increas-
es the yield of natively folded protein. This has been exemplified with E.coli phytase
(see example 4) and kringle t-PA (see example 6) and other proteins. The isomeras-
es may be targeted to the cytoplasm by the removal of their N-terminal signal se-
qguence.

Within the scope of the present invention are any enzymes with thiol-disulfide isome-
rase activity.

Preferred PDI sequences (Enzyme classification £C 5.3.4.1} comprise human PDI or
yeast Pdi1p sequences. Yeast Pdi1p sequences can be found for example as Gen-
bank accession numbers CAA42373 or BAA00723 or CAA38402.

Human PDI family members are for example PDI (for example as Genbank accession
numbers CAA28775 or AAC13652 (SEQ ID NO:11) ), ERp57 (for example as Gen-
bank accession numbers BAA03759 or AAC51518), PDIp (for example as Genbank
accession numbers BAE38734 or AAK61223), ERp72 (for example as Genbank ac-
cession numbers AAA58460 or AAH00425), PDILT (for example as Genbank acces-
sion numbers BAC05068 or AAH42607), ERp27 (for example as Genbank accession
numbers AAQ88900 or AAH30218), PDIr (for example as Genbank accession num-
ber BAA08451), ERp28 (for example as Genbank accession numbers CAA64397 or
CAG46468), Erdj5 (for example as Genbank accession numbers AF038503 or
AK027696), P5 (for example as Genbank accession numbers BAA08450 or
AAH01312), ERp18 (for example as Genbank accession numbers AF543416 or
CAI17031), ERp44 (for example as Genbank accession numbers CAC87611 or
AAQ89407), ERp46 (for example as Genbank accession numbers AAQ89009 or
BAC11526), TMX (for example as Genbank accession numbers AAQ89003 or
AK075395), TMX2 (for example as Genbank accession numbers AAD27740 or
AAH00666), TMX3 (for example as Genbank accession numbers BAG53687 or
AAH93792), TMX4 (for example as Genbank accession numbers AAQ89363 or
BAC11599), hAG-2 (for example as Genbank accession numbers AAC77358 or
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AAQ89368) and hAG-3 (for example as Genbank accession numbers AAL55402 or
AAH58284).

Sequences for DsbC (EC 5.3.4.1} can be found for example as Genbank accession
numbers AAA83074 or AAC75931 (SEQ ID NO:10).

The thiol-disulfide isomerases having N-terminal signal sequence can be expressed
in the cytoplasm by the removal of the N-terminal signal sequence.

In addition to mature thiol-disulfide isomerases, shorter fragments or modified forms
or chimeric proteins may be used as long as they retain thiol-disulfide isomerase ac-
tivity.

Enzymes having thiol-disulfide isomerase activity may comprise fragments or modifi-
cations of the above amino acid sequences.

“A modified protein” refers to a protein wherein at one or more positions there have
been amino acid insertions, deletions, or substitutions, either conservative or non-
conservative, provided that such changes result in a protein still having thiol-disulfide
isomerase activity.

A modified version (or variant) of the enzyme having thiol-disulfide isomerase activity
comprises typically an amino acid sequence having at least 25 %, preferably at least
40 %, more preferably at least 50 %, still more preferably at least 60 %, still and still
more preferably at least 70 %, more and more preferably at least 90 % identity, most
preferably at least 95 % or at least 98 % identity to any of the above mentioned amino
acid sequences.

In addition to full length enzyme having thiol-disulfide isomerase activity, shorter
fragments may be used as long as they retain thiol-disulfide isomerase activity. A
fragment refers to a protein having at one or more positions deletions. The fragment
may comprise at least 30%, at least 40%, at least 50%, preferably at least 60 %,
more preferably at least 70 %, still more preferably at least 80 %, more and more pre-
ferably at least 90 %, or at least 95 % of the complete amino acid sequence of the
proteins.

According to other preferred embodiments of the invention, the enzyme having thiol-
disulfide isomerase activity of the invention is encoded by a nucleic acid sequence
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hybridizing under low or under high stringent conditions to nucleic acid sequences
encoding the above mentioned amino acid sequences. By high stringency conditions
are meant conditions as disclosed for example in Ausubel et al. Current Protocols in
Molecular Biology, 1996, Wiley Sons, New York, N.Y. High stringency hybridization
conditions may comprise hybridization at about 42 °C and about 50 % formamide, a
first wash at about 65 °C, about 2 x SSC, and 1% SDS, followed by second wash at
about 65 °C, and about 0.1 % SDS, 1xSSC. Lower stringency hybridization conditions
may comprise hybridization at about 42 °C in the absence of formamide, a first wash
at about 42 °C, about 6 x SSC, and 1 % SDS, followed by second wash at about 50
C, about 6 x SSC and about 1 % SDS.

Within the scope of the present invention are also nucleic acid sequences encoding
the proteins comprising any of the amino acid sequences of the above gene bank ac-
cession numbers or the sequences SEQ ID NO:10 or SEQ ID NO:11 having thiol-
disulfide isomerase activity, or nucleic acid sequences encoding a fragment of said
sequences or a modified version of said sequences, which sequences still have thiol-
disulfide isomerase activity. Suitable nucleic acid sequences encoding proteins hav-
ing thiol-disulfide isomerase activity are publicly available and can be found in gene
banks.

In another embodiment of the invention, the protein of interest is expressed as a fu-
sion protein. Disulfide bond formation is the rate limiting step in protein folding in vitro
and in vivo. If the folding protein misfolds and aggregates (forms inclusion bodies) be-
fore the sulfhydryl oxidase and/or thiol-disulfide isomerase can act on it then low
yields of correctly folded protein will be obtained. The generation of a fusion protein
between a well expressed and quickly folding protein and the protein of interest is
known to often inhibit inclusion body formation. Well known in the art examples in-
clude maltose binding protein (MBP), glutathione S-transferase (GST) and thioredoxin
(Trx). In the examples included here we used MBP. The use of this fusion protein
technology combined with co-expression of the sulfhydryl oxidase increased the yield
of soluble protein for human CSF3 and BMP4 (see example 5). When this technology
was combined with co-expression of a thiol-disulfide isomerase as well it increased
the soluble yields of kringle t-PA (see example 6) and other proteins.

In another embodiment of the invention, mutant prokaryotic cells are used. Usually
the cytoplasm of E.coli is reducing and any disulfides that are formed can be reduced
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by thioredoxin / thioredoxin reductase and/or the glutathione / glutaredoxin / gluta-
thione reductase systems while the protein is folding. To inhibit this, the expression of
the sulfhydryl oxidase can be combined with knock-outs in these two pathways, for
example the commercial rosetta-gami strain. When expression of the sulfhydryl oxi-
dase was combined with the rosetta-gami strain background it increased the yields of
active kringle tPA (see example 6) but decreased the yields of active alkaline phos-
phatase (see example 3) and phytase (see example 4).

In another embodiment of the system the sulfhydryl oxidase, and where appropriate a
thiol-disulfide isomerase, are expressed prior to expression of the protein of interest.
The kinetic partitioning between productive folding and the formation of inclusion bo-
dies is known to depend on the degree to which protein aggregates are already
present in the system. Upon co-expression of a sulfhydryl oxidase with the protein of
interest, the initial production of the protein of interest is effective in the absence of
sulfhydryl oxidase, since both are being co-expressed. This increases the chances of
initial aggregate formation which in turn becomes an auto-catalytic process. The pre-
synthesis of the sulfhydryl oxidase, and thiol-disulfide isomerase if required, prior to
the induction of synthesis of the protein of interest circumvents this problem and
would be expected to increase the soluble biologically-active yields of the protein of
interest. Suitable vectors based on pLysS with an arabinose induction system to ena-
ble this were constructed (see Figure 5). This system is able to fold a range of pro-
teins and increases the yield of active protein for example see kringle t-PA (example
6).

According to the present disclosure

- The protein production system according to this disclosure increases production of
active protein in prokaryotic hosts compared to wild type strains. The increase is over
100-fold in a wild-type E.coli background. The present system also gives circa 3 fold
higher activity of protein of interest than the prior system (rosetta-gami strain). This
has been here exemplified by expressing alkaline phosphatase, tPA and phytase in
this system and in the commercial rosetta-gami strain.

- The rosetta-gami strain is genetically unstable and grows much slower than the
comparable wild-type strains. The use of wild type strains modified according to the
present disclosure is more advantageous. Although, for some proteins the use of a
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strain being deficient in thioredoxin reductase or glutathione reductase activity and
being modified according to the present disclosure, may be of advantage.

- In addition to sulfhydryl oxidase the expression of disulfide isomerase may be of ad-
vantage, in particular if the protein of interest comprises non-sequential disulfide
bonds or a large number of sequential disulfide bonds.

- The more proteins that are required to be co-expressed, the smaller the amount of
cellular resources available to make the protein of interest i.e. the system must al-
ways be kept to the simplest possible.

- The more disulfide bonds the target protein has the higher the level of required ex-
pression of the sulfhydryl oxidase and the disulfide isomerase. However, too high a
level of expression of either factor will result in a reduction in the levels of expression
of the target protein (see above).

- Target proteins with non-optimal codon-usage for E.coli production may require the
co-expression of rare tRNA's for optimal production e.g. the use of the pLysS RARE
plasmid (found in rosetta-gami along with the gor and frxB knockouts).

- Target proteins that naturally have a pro-sequence generally may require the use of
a fusion protein to keep them soluble during folding.

Various embodiments of the invention are described below with the aid of the follow-
ing numbered clauses 1-19:

1. A method for producing a protein of interest containing one or more disulfide bonds
in its native state, which comprises that a prokaryotic host cell is genetically engi-
neered to express the protein of interest and a sulfhydryl oxidase in the cytoplasm of
the host cell, said protein of interest being formed in a soluble form and containing
disulfide bonds due to the presence of the sulfhydryl oxidase in the cytoplasm of said
host cell.

2. The method according to clause 1, wherein the protein product comprising the
protein of interest is recovered from the cell culture or from the host cells and option-
ally purified.

3. The method according to clause 1 or 2, wherein the protein of interest is co-
expressed with the sulfhydryl oxidase.
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4. The method according to any one of clauses 1 to 3, wherein the sulfhydryl oxi-
dase is expressed prior to the protein of interest.

5. The method according to any one of the preceding clauses, wherein the host
cells are engineered to further express a thiol-disulfide isomerase in the cytoplasm.

6. A prokaryotic host cell for producing a protein of interest containing natively
folded disulfide bonds, which comprises that the host cell is genetically engineered to
express a sulfhydryl oxidase and a protein of interest in the cytoplasm of the host cell.

7. The method or the host cell according to any one of the preceding clauses,
wherein the sulfhydryl oxidase uses FAD as a cofactor and contains one, or more, re-
dox active disulfide bonds.

8. The method or the host cell according to any one of the preceding clauses,
wherein the sulfhydryl oxidase belongs to sulfhydryl oxidases comprising ERV/ALR
sulfhydryl oxidase domain.

9. The method or the host cell according to any one of the preceding clauses,
wherein the sulfhydryl oxidase belongs to ERO family of sulfhydryl oxidases.

10. The method or the host cell according to any one of the preceding clauses,
wherein the host cell further expresses a thiol-disulfide isomerase in the cytoplasm.

11. The method or the host cell according to clause 10, wherein the disulfide isome-
rase is PDI, or DsbC.

12. The method or the host cell according to any one of the preceding clauses,
wherein the prokaryotic host is a gram negative bacterium, such as E. coli.

13. The method or the host cell according to any one of the preceding clauses,
wherein the protein of interest is produced as a fusion protein.

14. The method or the host cell according to any one of the preceding clauses,
wherein the sulfhydryl oxidase and the disulfide isomerase are induced either sepa-
rately or together with the protein of interest.

15. The method or the host cell according to any one of the preceding clauses,
wherein the host cell is deficient in thioredoxin reductase and/or glutathione reductase
activity.
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16. A vector system for a prokaryotic host cell for producing a protein of interest
containing natively folded disulfide bonds, which comprises

- a vector encoding a protein of interest, or having a site for a nucleic acid sequence
encoding a protein of interest, and a sulfhydryl oxidase,

or

- a first vector encoding a protein of interest, or having a site for a nucleic acid se-
qguence encoding a protein of interest, and

- a second vector encoding a sulfhydryl oxidase,

wherein said vector or vectors are constructed to be capable of expressing the protein
of interest and the sulfhydryl oxidase in the cytoplasm of a prokaryotic host cell.

17. The vector system according to clause 16 for producing a protein of interest,
wherein the system further comprises a vector encoding a thiol-disulfide isomerase,
said vector being the same or different vector as the vectors in the vector system, and
said vector being constructed to be capable of expressing a thiol-disulfide isomerase
in the cytoplasm of the prokaryotic host.

18. The vector system according to clause 16 or 17, wherein the sulthydryl oxidase
and thiol-disulfide isomerase are induced either separately or together with the pro-
tein of interest.

19. A prokaryotic host cell system, which comprises the vector system according to
any one of clauses 16 to 18.

The following non-limiting examples illustrate the invention.
Examples
Example 1

Plasmid constructs used in the protein expressions were generated as part of pre-
studies (see Figure 5). The original constructs were polycistronic with multiple
genes encoded by a single mRNA driven by a T7 promoter system (IPTG induci-
ble) in a modified version of pET23. These included the protein of interest alone
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(A), this plus the sulfhydryl oxidase (B) or plus the sulfhydryl oxidase and either
PDI or DsbC as a thiol-disulfide isomerase (C).

Subsequent constructs had the sulfhydryl oxidase (D) or the sulfhydryl oxidase
plus the thiol-disulfide isomerase (E) on an arabinose promoter as part of a mod-
ified version of pLysS. Constructs D and E are fully compatible with construct A
and allow easy inter-conversion of the protein of interest in the system. In addition,
constructs D and E allow pre-expression or co-expression of the sulfhydryl oxi-
dase, or the sulfhydryl oxidase and thiol-disulfide isomerase, and the protein of in-
terest.

Example 2
Efficient production of the luminal domain of human tissue factor

Tissue factor (TF), also known as thromboplastin factor Ill, is a protein involved in
the coagulation of blood. It is a transmembrane protein whose luminal domain con-
tains two sequential disulfide bonds.

pVD81, is a derivative of pET23a which has cloned into the multi-cloning site a
gene encoding for an N-terminal hexa-histidine tag (MHHHHHHM) followed in
frame with the luminal domain of human tissue factor (sTF) as represented by the
fragment Ser 33 -.Glu 251 of the full length protein. This vector expresses sTF
upon induction with IPTG.

pVD77 is a derivative of pVD81, in which the gene for the sulfhydryl oxidase Ervip
from S.cerevisiae has been cloned (Met 1 — Glu 189) (SEQ ID NO: 5) after the
gene for sTF (with suitable ribosome binding sites to initiate translation of both; see
Figure 5). This polycistronic vector co-expresses sTF and Ervip upon induction
with IPTG.

E.coli strains transformed with these expression vectors were streaked out from
glycerol stocks stored at -70°C onto agar plates containing suitable antibiotics to al-
low for selection. The next day one colony from these plates were used to inocu-
late 5 mis of LB media, containing suitable antibiotics, and grown overnight at
30°C, 200 rpm. This overnight culture was used to seed a 50 mis culture of LB con-
taining suitable antibiotics in a 250 ml flask to an optical density of 0.05 at 600 nm
(ODego)- This culture was grown at 25°C, 200 rpm until the ODgoo reached 0.4 at
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which point protein production was induced by the addition of 1 mM IPTG. The
cells were then grown for 4 hours at 25°C, 200 rpm and the final ODgoq measured.
The cells were collected by centrifugation and resuspended to an ODgy, equivalent
of 10 in 20 mM sodium phosphate pH 7.4, 20 ug/ml DNase, 0.1 mg/ml egg white
lysozyme, and frozen. Cells were lysed by freeze-thawing. Where appropriate, the
insoluble fraction was removed by centrifugation and the soluble fraction removed
quickly to a new container.

When sTF is expressed alone in the cytoplasm of the E.coli strain BL21 (DE3)
pLysS the protein is unable to fold correctly and forms insoluble inclusion bodies.
When a sulfhydryl oxidase is co-expressed at 25°C with sTF in the cytoplasm of
the same E.coli strain, sTF is made solubly in high yields. Figure 6 shows repre-
sentative SDS-PAGE from expression of sTF with co-expression with a sulfhydryl
oxidase in LB media at 25°C. Lane 2 shows the total E.coli lysate, lane 1 shows
the soluble fraction. The position of the luminal domain of tissue factor is marked
with an arrow.

Purification of this protein via an N-terminal hexa-histidine tag followed by treat-
ment with iodoacetamide and mass spectrometry analysis of the purified protein
revealed the existence of no free thiol groups implying that two disulfide bonds had
been formed in this system.

Example 3
Efficient production of E.coli alkaline phosphatase.

Alkaline phosphatase is a hydrolase which removes phosphate groups from many
types of molecules. The bacterial enzyme folds in the periplasm. It has two sequential
disulfide bonds whose formation is essential for activity. Since it is easily assayed
bacterial alkaline phosphatase is widely used as a model protein for disulfide bond
formation in vivo.

pVD80, is a derivative of pET23a which has cloned into the multi-cloning site a gene
encoding for an N-terminal hexa-histidine tag (MHHHHHHM) followed in frame with
the mature form of E.coli alkaline phosphatase (PhoA) as represented by the frag-
ment Arg 22 -.Lys 471 of the full length protein. This vector expresses alkaline phos-
phatase upon induction with IPTG.
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pVD82 is a derivative of pvVD80, in which the gene for the sulfhydryl oxidase Ervip
from S.cerevisiae has been cloned (Met 1 — Glu 189) (SEQ ID NO: 5) after the gene
for E.coli alkaline phosphatase (with suitable ribosome binding sites to initiate transla-
tion of both; see Figure 5). This polycistronic vector co-expresses E.coli alkaline
phosphatase and Ervip upon induction with IPTG.

E.coli strains with these expression vectors were streaked out from glycerol stocks
stored at -70°C onto agar plates containing suitable antibiotics to allow for selection.
The next day one colony from these plates were used to inoculate 5 mls of LB media,
containing suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight
culture was used to seed a 50 mils culture of LB containing suitable antibiotics in a
250 ml flask to an optical density of 0.05 at 600 nm (ODgg). This culture was grown at
30°C, 200 rpm until the ODggyo reached 0.4 at which point protein production was in-
duced by the addition of 1 mM IPTG. The cells were then grown for 4 hours at 30°C,
200 rpm and the final ODgyq measured. The cells were collected by centrifugation and
resuspended to an ODgy equivalent of 10 in 20 mM sodium phosphate pH 7.4, 20
ug/ml DNase, 0.1 mg/ml egg white lysozyme and frozen. Cells were lysed by freeze-
thawing. Where appropriate, the insoluble fraction was removed by centrifugation and
the soluble fraction removed quickly to a new container.

To monitor the production of active alkaline phosphatase we used the standard 4-
nitrophenylphosphate assay at pH 8.0. This assay revealed that expression of alka-
line phosphatase in the cytoplasm of E.coli resulted in the production of minimal ac-
tive protein. In contrast co-expression of a sulfhydryl oxidase resulted in significant le-
vels of active protein (see Figure 7).

Figure 7 shows measurements for the activity of E.coli alkaline phosphatase ex-
pressed in the cytoplasm of E.coli in LB media at 30°C. 4-nitrophenylphosphate used
as the substrate, pH of the reaction was 8.0 and the values are cites as relative activi-
ty (%) compared with the most active system which is BL21 (DE3) pLysSRARE + ex-
pression of the sulfhydryl oxidase. SO indicates co-expression of the sulfhydryl oxi-
dase. Strains used were BL = BL21 (DE3) pLysRARE and RG = rosetta-gami.

Previously it had been shown that active alkaline phosphatase can be made in strains
such as rosetta-gami in which the reducing pathways have been disrupted. Produc-
tion of alkaline phosphatase in rosetta-gami resulted in the production of active pro-
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tein, but circa three-fold less activity was seen than for the co-expression of the sulf-
hydryl oxidase in wild type E.coli.

Our system increases production of active protein over 100-fold in a wild-type E.coli
background and gives circa 3 fold higher alkaline phosphatase activity than the com-
mercial rosetta-gami strain.

Example 4
Efficient production of E.coli phytase

Phytase (AppA) is an E.coli protein with similar activity to alkaline phosphatase ex-
cept that it has optimal activity under acidic pH values (hence one of its alternative
names is acid phosphatase). The protein contains four disulfide bonds, one of which
is non-sequential. As it contains a non-sequential disulfide bond it is used as a model
protein for disulfide bond formation which requires isomerisation. It is also used as an
important animal feed adduct.

pVD986, is a derivative of pET23a which has cloned into the multi-cloning site a gene
encoding for an N-terminal hexa-histidine tag (MHHHHHHM) followed in frame with
the mature form of E.coli Phytase (AppA) as represented by the fragment Gin 23 -
Leu 432 of the full length protein. This vector expresses phytase upon induction with
IPTG.

pFH231 is a derivative of pVD96, in which the gene for the sulfhydryl oxidase Ervip
from S.cerevisiae has been cloned (Met 1 — Glu 189) (SEQ ID NO: 5) after the gene
for phytase (with suitable ribosome binding sites to initiate translation of both; see
Figure 5). This polycistronic vector co-expresses phytase and Ervip upon induction
with IPTG.

pFH244 is a derivative of pVD96, in which the gene for the mature form of DsbC from
E.coli has been cloned (Asp 21 — Lys 236) (SEQ ID NO: 10) after the gene for phy-
tase (with suitable ribosome binding sites to initiate translation of both; see Figure 5).
This polycistronic vector co-expresses both phytase and mature DsbC upon induction
with IPTG.

pFH245 is a derivative of pVD96, in which the gene for the mature form of PDI from
H.sapiens has been cloned (Asp 18 — Leu 508) (SEQ ID NO: 11 after the gene for
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phytase (with suitable ribosome binding sites to initiate translation of both; see Figure
5). This polycistronic vector co-expresses phytase and mature PDI upon induction
with IPTG.

pFH233 is a derivative of pVD96, in which the gene for the sulfhydryl oxidase Ervip
from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO:5) and the gene for the mature form
of DsbC from E.coli (Asp 21 — Lys 236) (SEQ ID NO:10) have been cloned after the
gene for phytase (with suitable ribosome binding sites to initiate translation of both;
see Figure 5). This polycistronic vector co-expresses phytase, Ervip and DsbC upon
induction with IPTG.

pFH232 is a derivative of pVD96, in which the gene for the sulfthydryl oxidase Ervip
from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO:5) and the gene for the mature form
of PDI from H.sapiens (Asp 18 — Leu 508) (SEQ ID NO: 11) have been cloned after
the gene for phytase (with suitable ribosome binding sites to initiate translation of all;
see Figure 5). This polycistronic vector co-expresses phytase, Ervip and PDI upon
induction with IPTG.

E.coli strains with these expression vectors were streaked out from glycerol stocks
stored at -70°C onto agar plates containing suitable antibiotics to allow for selection.
The next day one colony from these plates were used to inoculate 5 mls of LB media,
containing suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight
culture was used to seed a 50 mis culture of LB containing suitable antibiotics in a
250 ml flask to an optical density of 0.05 at 600 nm (ODgg). This culture was grown at
30°C, 200 rpm until the ODggyo reached 0.4 at which point protein production was in-
duced by the addition of 1 mM IPTG. The cells were then grown for 4 hours at 30°C,
200 rpm and the final ODgyq measured. The cells were collected by centrifugation and
resuspended to an ODgy equivalent of 10 in 20 mM sodium phosphate pH 7.4, 20
ug/ml DNase, 0.1 mg/ml egg white lysozyme and frozen. Cells were lysed by freeze-
thawing. Where appropriate, the insoluble fraction was removed by centrifugation and
the soluble fraction removed quickly to a new container.

To monitor the activity of phytase an assay similar to that employed for alkaline phos-
phatase was used using 4-nitrophenylphosphate as the substrate (see example 3)
except that the pH of the reaction was held at pH 2.5, the optimal for phytase activity.
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Figure 8 shows measurements for the activity of E.coli phytase (AppA) expressed in
the cytoplasm of E.coli strains in LB media at 30°C. Absorbance measured after
quenching the reaction with sodium hydroxide (NaOH) and the values are cites as
relative activity (%) compared with the most active system which is BL21 (DE3)
pLysSRARE + expression of the sulfhydryl oxidase and DsbC. The background activi-
ty is subtracted. Strains used were BL = BL21 (DE3) pLysSRARE and RG = rosetta-
gami. SO indicates co-expression of the sulfhydryl oxidase, +D indicates co-
expression of DsbC, +P indicates co-expression of PDI.

Over-expression of phytase in the cytoplasm of E.coli results in activity levels compa-
rable with samples in which no phytase is expressed. In contrast co-expression of a
sulfhydryl oxidase results in increased phytase activity (sample “BL+SQO”). Since phy-
tase contains a non-sequential disulfide bond co-expression of a thiol-disulfide isome-
rase is required for optimal folding. Note however that in the wild type background
expression co-expression of only a thiol-disulfide isomerase does not significantly in-
crease the activity of phytase (samples “BL + D” and “BL + P”) they only aid so long
as a sulfhydryl oxidase is present (samples “BL + SO + D” and “BL + SO + P”; see
Figure 8).

The present invention increases production of active protein over 100-fold in a wild-
type E.coli background and gives more activity than the current commercial rosetta-
gami system.

Example 5
Efficient production of soluble human CSF3 and human BMP4

Colony stimulating factors (CSF) are hormones that cause cells to proliferate and dif-
ferentiate. CFS3 stimulates the production of granulocytes and stem cells and is also
known as granulocyte colony-stimulating factor. It is used in oncological and hemato-
logical applications and is made commercially under different names, including Neu-
pogen and Religast. CSF3 contains two sequential disulfide bonds and one free thiol
group near the N-terminal of the protein which probably results in non-native disulfide
bond formation.

Bone morphogenic proteins (BMP) are a group of cytokines which induce the forma-
tion of bone and cartilage. BMP4 regulates the formation of teeth, limbs and bones
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and plays a role in fracture repair. It contains three non-sequential intra-molecular
disulfide bonds along with one inter-molecular disulfide bond.

pVD109 is a polycistronic derivative of pET23a which has a gene encoding for a cy-
toplasmically targeted MBP tag (as represented by the fragment Lys 27 — Thr 392
plus a linker encoding the amino acid sequence NSSSNNNNHM) followed in frame
with the mature form of mature human CSF3 as represented by the fragment Ala 30 —
Pro 207 of the full length protein. After this MBP-CSF3 fusion gene product the gene
for the sulfhydryl oxidase Erv1ip from S.cerevisiae has been cloned (Met 1 — Glu 189)
(SEQ ID NO: 5) , with suitable ribosome binding sites to initiate translation of both;
see Figure 5. This polycistronic vector co-expresses MBP-CSF3 and Ervip upon in-
duction with IPTG.

pVD110 is a derivative of pvVD109, in which the gene for the mature form of DsbC
from E.coli (Asp 21 — Lys 236) (SEQ ID NO: 10) has been cloned before the gene for
MBP-CSF3 (with suitable ribosome binding sites to initiate translation of all; see Fig-
ure 5). This polycistronic vector co-expresses MBP-CSF3, Ervip and DsbC upon in-
duction with IPTG.

pVD111 is a derivative of pVD109, in which the gene for the mature form of PDI from
H.sapiens (Asp 18 — Leu 508) (SEQ ID NO: 11) has been cloned before the gene for
MBP-CSF3 (with suitable ribosome binding sites to initiate translation of all; see Fig-
ure 5). This polycistronic vector co-expresses MBP-CSF3, Ervip and PDI upon in-
duction with IPTG.

pVD112 is a polycistronic derivative of pET23a which has a gene encoding for a cy-
toplasmically targeted MBP tag (as represented by the fragment Lys 27 — Thr 392
plus a linker encoding the amino acid sequence NSSSNNNNHM) followed in frame
with the mature form of mature human BMP4 as represented by the fragment Pro 294
— Arg 408 of the full length protein. After this MBP-CSF3 fusion gene product the
gene for the sulfhydryl oxidase Ervip from S.cerevisiae has been cloned (Met 1 — Glu
189), with suitable ribosome binding sites to initiate translation of both; see Figure 5.
This polycistronic vector co-expresses MBP-BMP4 and Ervip upon induction with
IPTG.

pVD114 is a derivative of pVD112, in which the gene for the mature form of DsbC
from E.coli (Asp 21 — Lys 236) (SEQ ID NO: 10) have been cloned before the gene
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for MBP-BMP4 (with suitable ribosome binding sites to initiate translation of all; see
Figure 5). This polycistronic vector co-expresses MBP-BMP4, Ervip and DsbC upon
induction with IPTG.

pVD113 is a derivative of pVD112, in which the gene for the mature form of PDI from
H.sapiens (Asp 18 — Leu 508) (SEQ ID NO: 11) have been cloned before the gene for
MBP-BMP4 (with suitable ribosome binding sites to initiate translation of all; see Fig-
ure 5). This polycistronic vector co-expresses MBP-BMP4, Ervip and PDI upon in-
duction with IPTG.

E.coli strains with these expression vectors were streaked out from glycerol stocks
stored at -70°C onto agar plates containing suitable antibiotics to allow for selection.
The next day one colony from these plates were used to inoculate 5 mls of LB media,
containing suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight
culture was used to seed a 50 mls culture of LB containing suitable antibiotics in a
250 ml flask to an optical density of 0.05 at 600 nm (ODgg). This culture was grown at
30°C, 200 rpm until the ODggyo reached 0.4 at which point protein production was in-
duced by the addition of 1 mM IPTG. The cells were then grown for 4 hours at 30°C,
200 rpm and the final ODgyq measured. The cells were collected by centrifugation and
resuspended to an ODgy equivalent of 10 in 20 mM sodium phosphate pH 7.4, 20
ug/ml DNase, 0.1 mg/ml egg white lysozyme and frozen. Cells were lysed by freeze-
thawing. Where appropriate, the insoluble fraction was removed by centrifugation and
the soluble fraction removed quickly to a new container.

Figure 9 shows SDS-PAGE from expression of the human CSF3 (lanes 2-7) and
BMP4 (lanes 8-13) as fusion proteins with MBP in the cytoplasm of E.coli BL21 (DE3)
pLysS with co-expression with a sulfhydryl oxidase in LB media at 30°C and co-
expression of PDI (lanes 4,5,10,11) or DsbC (lanes 6,7,12,13). Even numbered lanes
show the total E.coli lysates, odd numbered lanes show the soluble fractions (except
lane 1 which shows molecular weight markers). The position of the MBP fusion pro-
teins CSF3 and BMP4 are marked with arrows. In E.coli BL21 (DE3) pLysS with no
co-expression of a sulthydryl oxidase no soluble protein expression can be observed
for either protein but our system allows soluble expression of both.

The expression of CSF3 or BMP4 in the cytoplasm of E.coli BL21 (DE3) pLysS re-
sults in the formation of inclusion bodies. However, the expression of either protein in
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fusion with MBP along with co-expression of a sulfhydryl oxidase and the isomerase
PDI or DsbC results in production of soluble protein (see Figure 9).

Example 6
Efficient production of active kringle tPA

Tissue plasminogen activator (tPA) is a protease that converts plasminogen to plas-
min, the major enzyme involved in the breakdown of blood clots. It is used medically
to treat pulmonary embolism, myocardial infarction and stroke. It is a large protein
that contains 16 non-sequential and one sequential disulfide bond and in addition has
one free thiol group in the native structure. It is available under the names Activase
and Retavase. Retavase is a fragment of tPA which only contains the kringle 2 and
protease domains. As such it contains only 9 disulfide bonds.

pKEHS1156, is a derivative of pET23a which has cloned into the multi-cloning site a
gene encoding for an N-terminal hexa-histidine tag (MHHHHHHM) followed in frame
with the form of Human tPA which contains the kringle 2 and protease domains as
represented by the fragment Gly 211 - Pro 562 of the full length protein. This vector
expresses Kringle-tPA upon induction with IPTG.

pKEHS1165 is a derivative of pKEHS1156, in which the gene for the sulfhydryl oxi-
dase Ervip from S.cerevisiae has been cloned (Met 1 — Glu 189) after the gene for
Kringle-tPA (with suitable ribosome binding sites to initiate translation of both; see
Figure 5). This polycistronic vector co-expresses Kringle-tPA and Ervip upon induc-
tion with IPTG.

pFH219 is a derivative of pKEHS1156, in which the gene for the sulfthydryl oxidase
Ervip from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO: 5) and the gene for the ma-
ture form of DsbC from E.coli (Asp 21 — Lys 236) (SEQ ID NO: 10) have been cloned
after the gene for Kringle-tPA (with suitable ribosome binding sites to initiate transla-
tion of all; see Figure 5). This polycistronic vector co-expresses Kringle-tPA, Ervip
and DsbC upon induction with IPTG.

pVD103, is a derivative of pET23a which has cloned into the multi-cloning site a gene
encoding for a cytoplasmically targeted N-terminal MBP tag (as represented by the
fragment Lys 27 — Thr 392 plus a linker encoding the amino acid sequence
NSSSNNNNHM) followed in frame with the form of Human tPA which contains the
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kringle 2 and protease domains as represented by the fragment Gly 211 - Pro 562 of
the full length protein. This vector expresses the MBP-Kringle-tPA fusion protein upon
induction with IPTG.

pVD100 is a derivative of pVD103, in which the gene for the sulfhydryl oxidase Ervip
from S.cerevisiae has been cloned (Met 1 — Glu 189) after the gene for MBP-Kringle-
tPA (with suitable ribosome binding sites to initiate translation of both; see Figure 5).
This polycistronic vector co-expresses MBP-Kringle-tPA and Ervip upon induction
with IPTG.

pVD105 is a derivative of pVD103, in which the gene for the mature form of DsbC
from E.coli has been cloned (Asp 21 — Lys 236) (SEQ ID NO: 10) before the gene for
MBP-Kringle-tPA (with suitable ribosome binding sites to initiate translation of both;
see Figure 5). This polycistronic vector co-expresses MBP-Kringle-tPA and mature
DsbC upon induction with IPTG.

pVD104 is a derivative of pvVD103, in which the gene for the mature form of PDI from
H.sapiens has been cloned (Asp 18 — Leu 508) (SEQ ID NO: 11) before the gene for
MBP-Kringle-tPA (with suitable ribosome binding sites to initiate translation of both;
see Figure 5). This polycistronic vector co-expresses MBP-Kringle-tPA and mature
PDI upon induction with IPTG.

pVD102 is a derivative of pVD100, in which the gene for the mature form of DsbC
from E.coli (Asp 21 — Lys 236) (SEQ ID NO: 10) has been cloned before the genes
for MBP-Kringle-tPA and Ervip (with suitable ribosome binding sites to initiate trans-
lation of all; see Figure 5). This polycistronic vector co-expresses MBP-Kringle-tPA,
Ervip and DsbC upon induction with IPTG.

pVD101 is a derivative of pVD100, in which the gene for the mature form of PDI from
H.sapiens (Asp 18 — Leu 508) (SEQ ID NO: 11) have been cloned before the genes
for MBP-Kringle-tPA and Ervip (with suitable ribosome binding sites to initiate trans-
lation of all; see Figure 5). This polycistronic vector co-expresses MBP-Kringle-tPA,
Ervip and PDI upon induction with IPTG.

pKEHS1208 is a derivative of pLysS in which the gene for sulfhydryl oxidase Ervip
from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO: 5) and the gene for the mature form
of PDI from H.sapiens (Asp 18 — Leu 508) (SEQ ID NO: 11) have been cloned under
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an arabinose inducible promoter/terminator system. This vector allows pre-expression
of Ervip and PDI upon induction with arabinose.

pKEHS1209 is a derivative of pLysS in which the gene for sulfhydryl oxidase Ervip
from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO: 5) and the gene for the mature form
of DsbC from E.coli (Asp 21 — Lys 236) (SEQ ID NO: 10) have been cloned under an
arabinose inducible promoter/terminator system. This vector allows pre-expression of
Ervip and DsbC upon induction with arabinose.

E.coli strains with these expression vectors (excluding strains which contain
pKEHS1208 or pKEHS1209) were streaked out from glycerol stocks stored at -70°C
onto agar plates containing suitable antibiotics to allow for selection. The next day
one colony from these plates were used to inoculate 5 mls of LB media, containing
suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight culture was
used to seed a 50 mls culture of LB containing suitable antibiotics in a 250 ml flask to
an optical density of 0.05 at 600 nm (ODego). This culture was grown at 30°C, 200 rpm
until the ODgg reached 0.4 at which point protein production was induced by the addi-
tion of 1 mM IPTG. The cells were then grown for 4 hours at 30°C, 200 rpm and the
final ODeoo measured. The cells were collected by centrifugation and resuspended to
an ODggo equivalent of 10 in 20 mM sodium phosphate pH 7.4, 20 ug/ml DNase, 0.1
mg/ml egg white lysozyme and frozen. Cells were lysed by freeze-thawing. Where
appropriate, the insoluble fraction was removed by centrifugation and the soluble frac-
tion removed quickly to a new container.

E.coli strains which contain pKEHS1208 or pKEHS1209 in addition to the expression
vectors for derivatives of tPA were streaked out from glycerol stocks stored at -70°C
onto agar plates containing suitable antibiotics to allow for selection. The next day
one colony from these plates were used to inoculate 5 mls of LB media, containing
suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight culture was
used to seed a 50 mls culture of LB containing suitable antibiotics in a 250 ml flask to
an optical density of 0.05 at 600 nm (ODego). This culture was grown at 30°C, 200 rpm
until the ODgyo reached 0.4 at which point pre-induction of Ervip / PDI or Ervip / PDI
was induced by the addition of 0.5 % arabinose. After 30 minutes production of the
tPA derivatives was induced by the addition of 1 mM IPTG. The cells were then
grown for 4 hours at 30°C, 200 rpm and the final ODgy, measured. The cells were col-
lected by centrifugation and resuspended to an ODgyy equivalent of 10 in 20 mM so-
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dium phosphate pH 7.4, 20 ug/ml DNase, 0.1 mg/ml egg white lysozyme and frozen.
Cells were lysed by freeze-thawing. Where appropriate, the insoluble fraction was
removed by centrifugation and the soluble fraction removed quickly to a new contain-
er.

Figure 10 shows analysis of human kringle tPA in various systems in LB media at
30°C. Panel A) SDS-PAGE from expression of the human kringle tPA as a fusion pro-
tein with MBP in the cytoplasm of E.coli. BL21 pLysS RARE (BL) or rosetta-gami
(RG), with co-expression with a sulfhydryl oxidase (SO) and DsbC. Lanes marked
with (T) and (S) show the total E.coli lysates and the soluble fractions, respectively.
The position of the MBP-kringle tPA fusion protein is marked with an arrow. There is a
clear correlation between soluble expression of soluble fusion protein and activity.
Panels B-F) Activity measurements for the activity of human kringle tPA expressed in
the cytoplasm of E.coli using the Roche chromogenic substrate for tPA. 10 ul of E.coli
lysate were used for the activity measurements. The intrinsic protease activity of the
E.coli lysate has been subtracted. The values are cites as relative activity (%) com-
pared with the most active system which is origami + pre-expression of the sulfhydryl
oxidase and DsbC and co-expression of the sulfhydryl oxidase and PDI. Panel B)
shows the results for N-terminal hexa-histidine tagged kringle t-PA. Panels C-F) show
the results for the MBP-kringle t-PA fusion protein. Overall note the increased expres-
sion of active tPA with i) co-expression of a disulfide isomerase; ii) use of the rosetta-
gami background; iii) use of a MBP-Kringle tPA fusion protein. Strains used were BL
= BL21 (DE3) pLysSRARE; RG = rosetta gami; K2 = Origami with pre-expression of
the sulfhydryl oxidase and PDI for one hour before induction of kringle t-PA; K3 = Ori-
gami with pre-expression of the sulfhydryl oxidase and DsbC for one hour before in-
duction of kringle t-PA. SO indicates co-expression of the sulfhydryl oxidase, +D indi-
cates co-expression of DsbC, +P indicates co-expression of PDI.

Expression of tPA or kringle tPA (similar but not identical to Retavase) in the cytop-
lasm of E.coli resulted in the production of insoluble inclusion bodies. Co-expression
of a sulfhydryl oxidase increased the activity of kringle tPA significantly (see figure
10). Combining this with co-expression of an isomerase, PDI or DsbC and/or with ex-
pressing kringle tPA as a fusion protein with Maltose binding protein (MBP) or using
the rosetta-gami or origami strains further increased the level of active protein pro-
duced (see figure 10) and the amount of soluble protein produced (see figure 10).
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In combination our invention increases production of active protein over 100-fold in a
wild-type E.coli background and gives circa 3 fold higher tPA activity than the best
combination in the commercial rosetta-gami strain without expression of the sulfhydryl
oxidase.

Example 7
Efficient production of soluble folded BPTI and disulfide mutants therein

Bovine pancreatic trypsin inhibitor (BPTI) is a low molecular weight inhibitor of trypsin,
kallikrein, chymotrypsin and plasmin. It is available under the name Trasylol and is
used to inhibit coagulation during bypass surgery. It is a small protein which contains
three non-sequential disulfide bonds. The folding intermediates of BPTI are of aca-
demic interest to understand protein folding pathways and especially the roles of pro-
tein folding catalysts in these processes.

pHEE12, is a derivative of pET23a which has cloned into the multi-cloning site a gene
encoding for an N-terminal hexa-histidine tag (MHHHHHHM) followed in frame with
the mature form of Bovine pancreatic trypsin inhibitor (BPTI) as represented by the
fragment Arg 36 - Ala 93 of the full length protein. This vector expresses BPTI upon
induction with IPTG.

pHEES, is a derivative of pHEE12 in which Cysteine 49 and Cysteine 73 have been
mutated to Alanine. This vector expresses C49A/C73A BPTI upon induction with
IPTG.

pHEE10, is a derivative of pHEE12 in which Cysteine 65 and Cysteine 86 have been
mutated to Alanine. This vector expresses C65A/C86A BPTI upon induction with
IPTG.

pKEHS1208 is a derivative of pLysS in which the gene for sulfhydryl oxidase Ervip
from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO: 5) and the gene for the mature form
of PDI from H.sapiens (Asp 18 — Leu 508) (SEQ ID NO: 11) have been cloned under
an arabinose inducible promoter / terminator system. This vector allows pre-
expression of Ervip and PDI upon induction with arabinose.

pKEHS1209 is a derivative of pLysS in which the gene for sulfhydryl oxidase Ervip
from S.cerevisiae (Met 1 — Glu 189) (SEQ ID NO: 5) and the gene for the mature form
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of DsbC from E.coli (Asp 21 — Lys 236) (SEQ ID NO: 10) have been cloned under an
arabinose inducible promoter / terminator system. This vector allows pre-expression
of Ervip and DsbC upon induction with arabinose.

E.coli strains with these expression vectors (excluding strains which contain
pKEHS1208 or pKEHS1209) were streaked out from glycerol stocks stored at -70°C
onto agar plates containing suitable antibiotics to allow for selection. The next day
one colony from these plates were used to inoculate 5 mls of LB media, containing
suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight culture was
used to seed a 50 mls culture of LB containing suitable antibiotics in a 250 ml flask to
an optical density of 0.05 at 600 nm (ODego). This culture was grown at 30°C, 200 rpm
until the ODgg reached 0.4 at which point protein production was induced by the addi-
tion of 1 mM IPTG. The cells were then grown for 4 hours at 30°C, 200 rpm and the
final ODeoo measured. The cells were collected by centrifugation and resuspended to
an ODggo equivalent of 10 in 20 mM sodium phosphate pH 7.4, 20 ug/ml DNase, 0.1
mg/ml egg white lysozyme and frozen. Cells were lysed by freeze-thawing. Where
appropriate, the insoluble fraction was removed by centrifugation and the soluble frac-
tion removed quickly to a new container.

E.coli strains which contain pKEHS1208 or pKEHS1209 in addition to the expression
vectors for derivatives of BPTI were streaked out from glycerol stocks stored at -70°C
onto agar plates containing suitable antibiotics to allow for selection. The next day
one colony from these plates were used to inoculate 5 mls of LB media, containing
suitable antibiotics, and grown overnight at 30°C, 200 rpm. This overnight culture was
used to seed a 50 mls culture of LB containing suitable antibiotics in a 250 ml flask to
an optical density of 0.05 at 600 nm (ODego). This culture was grown at 30°C, 200 rpm
until the ODggo reached 0.4 at which point pre-induction of Ervip / PDI or Ervip /
DsbC was induced by the addition of 0.5 % arabinose. After 30 minutes production of
the BPTI derivatives was induced by the addition of 1 mM IPTG. The cells were then
grown for 4 hours at 30°C, 200 rpm and the final ODgy, measured. The cells were col-
lected by centrifugation and resuspended to an ODgyy equivalent of 10 in 20 mM so-
dium phosphate pH 7.4, 20 ug/ml DNase, 0.1 mg/ml egg white lysozyme and frozen.
Cells were lysed by freeze-thawing. Where appropriate, the insoluble fraction was
removed by centrifugation and the soluble fraction removed quickly to a new contain-
er.
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When N-terminally hexa-histidine tagged wild-type mature BPTI or the C49A/C73A or
C65A/C86A mutants, which mimic two of the two disulfide bond containing interme-
diates, are expressed in the cytoplasm of E.coli they form inclusion bodies. In con-
trast, when they are co-expressed with a sulfhydryl oxidase and a thiol-disulfide iso-
merase soluble protein is formed (see figure 11). Purification of the C49A/C73A or
C65A/C86A mutants using immobilized metal affinity chromatography and subse-
quent analysis by reverse phase HPLC indicated that the purified proteins were ho-
mogenous, with the elution point being equivalent to the relevant two disulfide con-
taining wild-type folding intermediate (see figure 11) i.e. only a single disulfide bond
containing species which contained the correct disulfides was obtained.
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Claims

1. A method for producing a protein of interest containing one or more disulfide
bonds in its native state, which comprises that a prokaryotic host cell is genetically
engineered to express the protein of interest and a sulfhydryl oxidase in the cytop-
lasm of the host cell, said protein of interest being formed in a soluble form and con-
taining disulfide bonds due to the presence of the sulfhydryl oxidase in the cytoplasm
of said host cell.

2. The method according to claim 1, wherein the protein product comprising the
protein of interest is recovered from the cell culture or from the host cells and option-
ally purified.

3. The method according to claim 1 or 2, wherein the protein of interest is co-
expressed with the sulfhydryl oxidase.

4. The method according to any one of claims 1 to 3, wherein the sulfhydryl oxi-
dase is expressed prior to the protein of interest.

5.  The method according to any one of the preceding claims, wherein the host cells
are engineered to further express a thiol-disulfide isomerase in the cytoplasm.

6. A prokaryotic host cell for producing a protein of interest containing natively
folded disulfide bonds, which comprises that the host cell is genetically engineered to
express a sulfhydryl oxidase and a protein of interest in the cytoplasm of the host cell.

7. The method or the host cell according to any one of the preceding claims,
wherein the sulfhydryl oxidase uses FAD as a cofactor and contains one, or more, re-
dox active disulfide bonds.

8. The method or the host cell according to any one of the preceding claims,
wherein the sulfhydryl oxidase belongs to sulfhydryl oxidases comprising ERV/ALR
sulfhydryl oxidase domain.

9. The method or the host cell according to any one of the preceding claims,
wherein the sulfhydryl oxidase belongs to ERO family of sulfhydryl oxidases.
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10. The method or the host cell according to any one of the preceding claims,
wherein the host cell further expresses a thiol-disulfide isomerase in the cytoplasm.

11. The method or the host cell according to claim 10, wherein the disulfide isome-
rase is PDI, or DsbC.

12. The method or the host cell according to any one of the preceding claims,
wherein the prokaryotic host is a gram negative bacterium, such as E. coli.

13. The method or the host cell according to any one of the preceding claims,
wherein the protein of interest is produced as a fusion protein.

14. The method or the host cell according to any one of the preceding claims,
wherein the sulfhydryl oxidase and the disulfide isomerase are induced either sepa-
rately or together with the protein of interest.

15. The method or the host cell according to any one of the preceding claims,
wherein the host cell is deficient in thioredoxin reductase and/or glutathione reductase
activity.

16. A vector system for a prokaryotic host cell for producing a protein of interest
containing natively folded disulfide bonds, which comprises

- a vector encoding a protein of interest, or having a site for a nucleic acid sequence
encoding a protein of interest, and a sulfhydryl oxidase,

or

- a first vector encoding a protein of interest, or having a site for a nucleic acid se-
qguence encoding a protein of interest, and

- a second vector encoding a sulfhydryl oxidase,

wherein said vector or vectors are constructed to be capable of expressing the protein
of interest and the sulfhydryl oxidase in the cytoplasm of a prokaryotic host cell.

17. The vector system according to claim 16 for producing a protein of interest,
wherein the system further comprises a vector encoding a thiol-disulfide isomerase,
said vector being the same or different vector as the vectors in the vector system, and
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said vector being constructed to be capable of expressing a thiol-disulfide isomerase
in the cytoplasm of the prokaryotic host.

18. The vector system according to claim 16 or 17, wherein the sulfhydryl oxidase
and thiol-disulfide isomerase are induced either separately or together with the pro-
tein of interest.

19. A prokaryotic host cell , which comprises the vector system according to any
one of claims 16 to 18.
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Endoplasmic oxidoreductin-1 from Saccharomyces cerevisiae (Swiss-Prot ID Q03103) (SEQ ID NO:1):

MRLRTATATLCLTAFTSATSNNSYIATDQTONAFNDTHFCKVDRNDHVSPSCNVTFNELNAINENIRDDLSALLKSDFFK
YFRLDLYKQCSFWDANDGLCLNRACSVDVVEDWDTLPEYWQPEILGSFNNDTMKEADDSDDECKFLDQLCQTSKKPVDIE
DTINYCDVNDFNGKNAVLIDLTANPERFTGYGGKQAGQIWSTIYQDNCFTIGETGESLAKDAFYRLVSGFHASIGTHLSK
EYLNTKTGKWEPNLDLFMARIGNFPDRVTNMYFNYAVVAKALWKIQPYLPEFSFCDLVNKEIKNKMDNVISQLDTKIFNE
DLVFANDLSLTLKDEFRSRFKNVTKIMDCVQCDRCRLWGKIQTTGYATALKILFEINDADEFTKQHIVGKLTKYELIALL
QTFGRLSESIESVNMFEKMYGKRLNGSENRLSSFFONNFFNILKEAGKSIRYTIENINSTKEGKKKTNNSQSHVFDDLKM
PKAEIVPRPSNGTVNKWKKAWNTEVNNVLEAFRFIYRSYLDLPRNIWELSLMKVYKFWNKFIGVADYVSEETREPISYKL
DIQ

Human ERO1-like protein alpha (Swiss-Prot ID Q96HE7) (SEQ ID NO:2):

MGRGWGFLEFGLLGAVWLLSSGHGEEQPPETAAQRCFCQVSGYLDDCTCDVETIDRFNNYRLFPRLOKLLESDYFRYYKVN
LKRPCPFWNDISQCGRRDCAVKPCQSDEVPDGIKSASYKYSEEANNLIEECEQAERLGAVDESLSEETQKAVLOQWTKHDD
SSDNFCEADDIQSPEAEYVDLLLNPERYTGYKGPDAWKIWNVIYEENCFKPQTIKRPLNPLASGQGTSEENTFYSWLEGL
CVEKRAFYRLISGLHASINVHLSARYLLOETWLEKKWGHNITEFQQRFDGILTEGEGPRRLKNLYFLYLIELRALSKVLP
FFERPDFQLFTGNKIQDEENKMLLLEILHEIKSFPLHFDENSFFAGDKKEAHKLKEDFRLHFRNISRIMDCVGCFKCRLW
GKLOTQGLGTALKILFSEKLIANMPESGPSYEFHLTRQEIVSLFNAFGRISTSVKELENFRNLLONIH

Human ERO1-like protein beta (Swiss-Prot ID Q86YBS8) (SEQ ID NO:3):

MSQGVRRAGAGQGVAAAVQLLVTILSFLRSVVEAQVTGVLDDCLCDIDSIDNENTYKIFPKIKKLOERDYFRYYKVNLKRP
CPFWAEDGHCSIKDCHVEPCPESKIPVGIKAGHSNKYLKMANNTKELEDCEQANKLGAINSTLSNQSKEAFIDWARYDDS
RDHFCELDDERSPAAQYVDLLLNPERYTGYKGTSAWRVWNSIYEENCFKPRSVYRPLNPLAPSRGEDDGESEYTWLEGLC
LEKRVFYKLISGLHASINLHLCANYLLEETWGKP SWGPNIKEFKHRFDPVETKGEGPRRLKNLYFLYLIELRALSKVAPY
FERSIVDLYTGNAEEDADTKTLLLNIFQDTKSFPMHEDEKSMEAGDKKGAKSLKEEFRLHFKNI SRIMDCVGCDKCRLWG
KLOTQGLGTALKILEFSEKEIQKLPENSPSKGFQLTRQEIVALLNAFGRLSTSIRDLONFKVLLQHSR

Fig. 3
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Human ALR (Swiss-Prot ID P55789) (SEQ ID NO:4):
MAAPGERGRFHGGNLFFLPGGARSEMMDDLATDARGRGAGRRDAAASASTPAQAPTSDSPVAEDASRRRPCRACVDEKTW

MRTQQKRDTKFREDCPPDREELGRHSWAVLHTLAAYYPDLPTPEQQODMAQF THLE SKFYPCEECAEDLRKRLCRNHPDT
RTRACFTOQWLCHLHNEVNRKLGKPDFDCSKVDERWRDGWKDGSCD

S. cerevisiae mitochondrial FAD-linked sulfhydryl oxidase ERV1 (Swiss-Prot ID P27882) (SEQ ID NO:5):

MKAIDKMTDNPPQEGLSGRKIIYDEDGKPCRSCNTLLDFQYVTGKISNGLKNLSSNGKLAGTGALTGEASELMPGSRTYR
KVDPPDVEQLGRSSWTILLHSVAASYPAQPTDQOKGEMKOFINIFSHIYPCNWCAKDFEKY TRENAPQVESREELGRWMCE
AHNKVNKKLRKPKEFDCNEFWEKRWKDGWDE

S. cerevisiae FAD-linked sulfhydryl oxidase ERV2 (Swiss-Prot ID Q12284) (SEQ ID NO:6).

MKQIVKRSHAIRIVAALGIIGLWMFFSSNELSIATPGLIKAKSGIDEVQGAAAEKNDARLKE IEKQTIMPLMGDDKVKKE
VGRASWKYFHTLLARFPDEPTPEEREKTLHTFIGLYAELYPCGECSYHFVKLIEKYPVOTSSRTAAAMWGCHIHNKVNEY L
KKDIYDCATILEDYDCGCSDSDGKRVSLEKEAKQHG

Human sulfhydryl oxidase 1 (QSOX; Swiss-Prot ID 000391) (SEQ ID NO:7):

MRRCNSGSGPPPSLLLLLLWLLAVPGANAAPRSALYSPSDPLTLLQADTVRGAVLGSRSAWAVEFFASWCGHCIAFAPTW
KALAEDVKAWRPALYLAALDCAEETNSAVCRDEFNIPGFPTVRFFKAFTKNGSGAVFPVAGADVQTLRERLIDALESHHDT
WPPACPPLEPAKLEEIDGFFARNNEEYLALIFEKGGSYLGREVALDLSQHKGVAVRRVLNTEANVVRKFGVIDFPSCYLL
FRNGSVSRVPVLMESRSFYTAYLQRLSGLTREAAQTTVAPTTANKIAPTVWKLADRSKIYMADLESALHYILRIEVGRFP
VLEGQRLVALKKFVAVLAKYFPGRPLVONFLHSVNEWLKRQKRNKIPYSFFKTALDDRKEGAVLAKKVNWIGCQGSEPHF
RGFPCSIWVLFHFLTVOAARONVDHSQEAAKAKEVLPATRGYVHYFFGCRDCASHFEQMAAASMHRVGSPNAAVILWLWSS
HNRVNARLAGAPSEDPQFPKVOWPPRELCSACHNERLDVPVWDVEATLNFLKAHFSPSNIILDFPAAGSAARRDVQONVAA
APELAMGALELESRNSTLDPGKPEMMKSPTNTTPHVPAEGPEASRPPKLHPGLRAAPGQEPPEHMAELQRNEQEQPLGQW
HLSKRDTGAALLAESRAEKNRLWGPLEVRRVGRSSKQLVDIPEGQLEARAGRGRGOWLQVLGGGFSYLDISLCVGLYSLS
FMGLLAMYTYFQAKIRALKGHAGHPAA

Fig. 4A



WO 2010/139858 5/10 PCT/FI2010/050448

Human sulfhydryl oxidase 2 (Swiss-Prot ID Q6ZRP7) (SEQ ID NO:8):

MAAAGAAVARSPGIGAGPALRARRSPPPRAARLPRLLVLLAAAAVGPGAGGAARLYRAGEDAVWVLDSGSVRGATANSSA
AWLVQFYSSWCGHCIGYAPTWRALAGDVRDWASAIRVAALDCMEEKNQAVCHDYDIHFYPTFRYFKAFTKEFTTGENEFKG
PDRELRTVRQTMIDFLONHTEGSRPPACPRLDPIQPSDVLSLLDNRGSHYVAIVFESNSSYLGREVILDLIPYESIVVTIR
ALDGDKAFLEKLGVSSVPSCYLIYPNGSHGLINVVKPLRAFFSSYLKSLPDVRKKSLPLPEKPHKEENSEIVVWREEFDKS
KLYTVDLESGLHYLLRVELAAHKSLAGAELKTLKDEVIVLAKLEFPGRPPVKKLLEMLOQEWLASLPLDRIPYNAVLDLVNN
KMRISGIFLTNHIKWVGCQGSRSELRGYPCSLWKLEFHTLTVEASTHPDALVGTIGFEDDPQAVLOTMRRYVHTFEFGCKECG
EHFEEMAKESMDSVKTPDQATILWLWKKHNMVNGRLAGHLSEDPRFPKLOQWPTPDLCPACHEEIKGLASWDEGHVLTELKQ
HYGRDNLLDTYSADQGDS SEGGTLARGEEEEKRLTPPEVSHGDRDTQSVRPPGALGPRPALPESLHHSLDGKLOSLDGPG
AHKEVGGAAPFLGVDESSLDMSLCVVLYVASSLEFLMVMYEFFFRVRSRRWKVKHHHPAV

Vaccinia virus FAD-linked sulfhydryl oxidase E10 (Swiss-Prot ID P21050) (SEQ ID NO:9)

MNPKHWGRAVWTIIFIVLSQAGLDGNIEACKRKLYTIVSTLPCPACRRHATIATEDNNVMSSDDLNYIYYEFFIRLENNLA
SDPKYAIDVSKVKPL

E.coli (K12 strain) DsbC (SEQ ID NO:10) :

MKKGFMLFTLLAAFSGFAQADDAAIQQTLAKMGIKSSDIQPAPVAGMKTVLTNSGVLYITDDGKHIIQGPMYDVSGTAP
VNVTNKMLLKQLNALEKEMIVYKAPQEKHVITVFTDITCGYCHKLHEQMADYNALGITVRYLAFPRQGLDSDAEKEMK

AIWCAKDKNKAFDDVMAGKSVAPASCDVDIADHYALGVQLGVSGTPAVVLSNGTLVPGYQPPKEMKEFLDEHQKMT

SGK

Human PDI (SEQ ID NO:11):

MLRBALLCLAVAALVRADAPEEEDHVLVLRKSNFAEALAAHKYLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSEIR
LAKVDATEESDLAQQYGVRGYPTIKFFRNGDTASPKEYTAGREADDIVNWLKKRTGPAATTLPDGAAAESLVESSEV
AVIGFFKDVESDSAKQFLQAAEAIDDIPFGITSNSDVFSKYQLDKDGVVLFKKFDEGRNNFEGEVTKENLLDFIKHNQL
PLVIEFTEQTAPKIFGGEIKTHILLFLPKSVSDYDGKLSNFKTAAESFKGKILFIFIDSDHTDNQRILEFFGLKKEECPAVRL
ITLEEEMTKYKPESEELTAERITEFCHRFLEGKIKPHLMSQELPEDWDKQPVKVLVGKNFEDVAFDEKKNVFVEFYAP
WCGHCKQLAPIWDKLGETYKDHENIVIAKMDSTANEVEAVKVHSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESG
GQDGAGDDDDLEDLEEAEEPDMEEDDDQKAVKDEL

Fig. 4B
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